Prepared in cooperation with the city of Eagan
). The physiography is dominated by the St. Croix moraine complex formed during Wisconsin Glaciation (Wright, 1972) . The part of the complex within Eagan's corporate boundaries contains more than 100 small lakes and ponds.
In the late 1950's, Eagan began changing from a rural township to a suburban community. At present (1979) , Eagan consists of small farms, parks, residential developments, shopping centers, business districts, and industrial parks. It is one of the fastest growing cities in the Twin Cities metropolitan area.
Lack of information about the effects of urban development on water quality of the lakes and ponds was a matter of concern to the community. In 1971, the U.S. Geological Survey at the request of the city of Eagan designed a program to monitor the water quality in selected lakes. The purpose of the monitoring was to establish baseline water-quality data from which to observe changes in quality resulting from urbanization.
Chemical and biological sampling in 17 selected lakes and ponds began in October 1972. A report by Have (1975) describes the activities and findings of the first 2 years of study. Monitoring has continued through October 1978. The purpose of this report is to (1) further describe the water quality of the lakes, (2) identify water-quality changes during the period of study, and (3) relate such changes or differences in the lakes to changing land use so that city officials can choose design alternatives that will minimize the impact of future growth on lake quality.
Hydrologic Conditions
The lakes in the Eagan area are in closed basins within the hummocky, generally sandy moraine deposits. Ihe area lacks well-defined surface drainage patterns. Larger drainage basins contain numerous subbasins, which also drain internally to small ponds or marshes. Therefore, areas contributing surface runoff directly to individual lakes are not easily definable. Most lakes are connected to the local ground-water system, but the inflowoutflow relationship is unknown. For simplification of phosphorus-loading estimates, it was assumed that ground-water inflow balances outflow and that phosphorus contributed by ground water was negligible.
Development related to urbanization has increased surface runoff to many lakes. Most lakes and depressions have been incorporated in the Eagan Comprehensive Storm Sewer Plan (Bonestroo and others, 1978) in order to help control storm runoff. Storm-sewer outlets are generally necessary for controlling maximum lake levels in highly urbanized watersheds of the Eagan area. Storm-sewer inlets and outlets are planned for most lakes; some lakes already have them. Hence, Increased development has also led to increased hydrologlc complexity of these lake systems. Probably the single most Important hydrologlc event during the 6-year study was the drought of 1976-77. Figure 2 Illustrates how streamflow In a nearby watershed diminished during the prolonged period of low rainfall. Similarly, lake levels generally declined. Some observed waterquality changes suspected to be the result of the drought will be discussed in later sections. The effects of winter ice cover, spring snowmelt, and large storms on water quality of the lakes are also discussed in later sections.
Water samples were collected within 3 feet of the water surface near the middle or deepest part of each lake. In addition, some lakes were sampled near the bottom to determine if selected constituent concentrations changed with depth. Lake depths at each of the sampling sites were recorded during each visit. Temperature and dissolved-oxygen profiles were measured in Holland and Pish Lakes. Table 1 outlines the field measurements and laboratory analyses made each water year of the study. Analyses for some chemical constituents were discontinued when relatively low concentrations were found or definition of baseline water quality was established. The most important laboratory analyses were continued throughout the study. Hauser and Shanahan Ponds were dropped from the sampling program after the 1976 water year because the baseline-data base was deemed adequate and urban development is not expected near the ponds in the immediate future.
Samples for the physical properties and chemical constituents were collected and analyzed by the methods of Brown and others (1970) , Goerlitz and Brown (1972) , and Skougstad and others (1978) . Total coliform, fecal coliform, and fecal Streptococci were determined by the membrane-filter method described by Slack and others (1973) . Phytoplankton and chlorophyll concentrations were determined by the methods described by Slack and others (1973) and Greeson and others (1977) .
Parameters used in the correlation, linear regression (Barr and others, 1976) , and phosphorus prediction model analyses in the study are listed in table 2. Methods of parameter determination are also given in table 2, or are discussed below.
Mean depths of Holland and Pish Lakes were calculated from U.S. Geological Survey 7-5-minute topographic maps. Mean depths for other lakes were estimated from field observations. The shallowest lakes, Langhoven, Hauser, McCarthy, and Slater's Acres, were assumed to have mean depths equal to the mean maximum depth over the study period because of their virtually flat Jensen Lake, which is shallow but considerably larger in area, was assumed to have a mean depth equal to 90 percent of the mean maximum depth. The rest of the lakes, which are somewhat deeper, were assumed to have a mean depth of 80 percent of the mean maximum depth.
That part of the watershed which contributes surface runoff to the lakes was determined for this study. All internal drainage depicted on the topographic maps as marshes, hollows, or small ponds within the natural or urban modified watersheds were considered noncontributing and were deleted. Drainage areas for urban or other types of development were then included as calculated from both topographic and Eagan storm-sewer maps (Bonestroo and others, 1975; . Lake area also was included in the total drainage area. Land-use acreages and percentages were then calculated as undeveloped, developed, and lake area. The morphometric, land use, soils, and geologic data for each of the 17 study lakes are summarized in table 3.
Mean annual precipitation was calculated from mean monthly averages for the Minneapolis-St. Paul WSO Airport and Rosemount Agricultural Experimental Station data (National Oceanic and Atmospheric Administration, 1972-78) for September 1972 through August 1978. The average annual precipitation during this 6-year period, based on the year from September through the following August, was 29/92 inches.
Mean annual surface runoff (same year as precipitation) was then estimated for undeveloped and developed areas by applying runoff coefficients of 0.10 and 0.25, respectively. The coefficient for undeveloped areas was estimated from an analysis of mean annual surface runoff for a nearby stream, Vermillion River at Empire (U.S. Geological Survey, 1973-78) . The surface runoff coefficient was estimated to be half of the coefficient used in the Eagan Comprehensive Storm Sewer Plan (Bonestroo and others, 1978) , which is considered to be a reasonable adjustment of the coefficient for an annual basis rather than the 5-to 10-year basis used for storm-sewer design. The coefficients used for developed areas in the storm-sewer plan ranged from 0.4 to 0.6 (about 0.5). Similarly, coefficients used for developed areas were assumed for this study to be about half (0.25) of the storm-sewer coefficient.
Neglecting ground water, the total runoff to a lake was calculated as the sum of direct precipitation and runoff from undeveloped and developed areas. Flushing coefficients, (QS and RHO, table 2) were then calculated with appropriate morphometric parameters.
Phosphorus loads for each lake were estimated using values of average phosphorus concentrations from a report by Oberts and Jouseau (1979) and calculated runoff for each land use. Loads were also calculated by a method described by Smith (1979) . Results from both methods agreed within about 10 percent. well drained, dark colored soils; LSWL = loamy over sandy, well drained, light colored soils; LLWD = loamy over loamy, well drained, dark colored soils.
2From Norvitch and Others (1973) YB-G = yellowish-brown to gray till, KB-B = reddish brown to brown sandy till, DOL = dolomite, SS = sandstone.
RESULTS AND DISCUSSION

Measurements
The 17 lakes in the study area ranged in size from 1.8 (Hauser) to 52.0 acres (Jensen), and in depth from 1.5 (Langhoven) to 52 (Holland) Temperature and dissolved-oxygen profiles measured in Holland and Fish Lakes indicate thermal stratification during warm months with anaerobic conditions in the hypolimnion (figs. 4 and 5). Surface cooling and mixing resulted in complete turnover by late fall and the development of aerobic conditions (about 60 percent of saturation) throughout the profile. Continued cooling during fall and winter brought on ice cover and a period of winter stagnation. Oxygen was again depleted in deeper waters through decay processes, and by spring much of the profile was anaerobic. Melting of the ice cover in spring caused another turnover, with partial mixing in Holland (to a depth of about 40 feet) and generally complete mixing in Fish Lake. However, data collected in April 1979 indicate that Fish Lake may not completely turnover every spring. Further warming in spring results in strong thermal stratification by late spring, then the cycle repeats.
Some anomalies in dissolved-oxygen concentrations were observed during summer. Epilimnetic waters were only 50 to 70 percent saturated with dissolved oxygen during July and August 1976 (Holland) and in late August 1978 (both Holland and Fish). The low dissolved oxygen in 1976 may be due to measurements made in the morning (about 0900 and 1130 hours, respectively) before recovery from algal respiration during the previous night. Other factors, such as the effect of the drought, relatively high temperatures, or dieoff of algae from a previous bloom may also have contributed to the 1976 anomalies. The low epilimnetic oxygen concentrations in August 1978 likely resulted from a shock-loading effect (either toxic, organic, or by dilution) of a 5-to 6-inch rainstorm the week previous to the sampling. Similarly low dissolved-oxygen concentrations were found in most other area lakes. The followup profiles in Holland and Fish (September 6, 1978) show a recovery to normal oxygen conditions, probably in response to a recovery of the phytoplankton community.
Another anomalous dissolved-oxygen profile was observed in Fish Lake on July 29, 1976. A concentration of about 200 percent of saturation was observed in the upper zone of the metalimnion (11 to 14 feet deep), presumably in response to a trapping of oxygen produced by phytoplankton during photosynthesis within the density gradient of the thermocline. A secchi disk reading of 14.3 feet indicates that photosynthesis could indeed be supported at that depth. Dissolved oxygen In the shallower lakes Is generally near saturation throughout most of the year, with concentrations varying mainly in response to temperature and biologic activity. Dissolved-oxygen concentrations below 5-0 mg/L were observed under ice cover during February to March 1976 in Blackhawk, Boesel, Donaldson's, Hauser, Jensen, Lakeside Estates, Langhoven, McCarthy, Shanahan, and Slater's Acres (table 4). All these lakes are less than 7.0 feet deep. Cedar Grove, Wilderness, and Thomas are also less than 7.0 feet deep and are highly eutrophic but, surprisingly, the dissolvedoxygen concentrations in these three lakes were higher than in the other shallow lakes. Oxygen levels below 5.0 mg/L were also found in some of the very shallow (1 to 2 feet deep) lakes during July and August 1976 (table 4) . These low oxygen concentrations are likely due, in part, to the very high water temperatures and low water levels associated with the drought and perhaps to benthic oxygen demand, as the lowest oxygen levels were associated with the shallowest lakes. The cause of other dissolved-oxygen concentrations less than 5.0 mg/L occasionally found in some lakes is unknown.
Mean transparencies (secchi disk) of the Eagan lakes ranged from 1.0 foot in Cedar Grove Pond to 10.8 feet in Pish Lake ( fig. 3 ). Mean transparencies for Langhoven, Hauser, McCarthy, Slater's Acres, Blackhawk, and Shanahan ( fig. 3 and table 4) are mostly a function of lake depth; much greater transparencies would be measured if the lakes were deeper. Algal populations were the dominant factor for low transparencies (1 to 2 feet) in lakes that receive above-normal loadings of phosphorus from urban or other non-point related sources (table 4) . These low-transparency lakes also showed a distinct decrease in transparency from spring to summer (table  4) owing to denser algal populations during the warmer months.
The mean lake-surface temperature for all observations during the study period ranged from 14.5°C in McCarthy to 16.7°C in Shanahan ( fig. 3) . The maximum observed surface temperature ranged from 25.0°C in Hauser and Holland to 30.0°C in Langhoven. No significant correlations could be found between temperature and the geomorphic variables used in this study. Therefore, the temperature differences of these lakes are probably a function of subtle differences in factors controlling heating and cooling not explainable by simple morphologic characteristics such as lake depth.
Inorganic Constituents
Calcium and bicarbonate dominated the ionic composition of all lakes sampled. The mean dissolved-solids concentration ( fig. 6 ) ranged from 87 (Boesel) to 188 mg/L (Lemay). The mean alkalinity (as CaCOo) ranged from 43 (Cedar Grove) to 156 mg/L (McCarthy). Alkalinity tended to be a lower proportion of dissolved solids in lakes affected by urbanization especially in those lakes with storm-sewer inlets and outlets (Cedar Grove, Donaldson's, and Lemay), presumably because of more impervious area runoff and proportionately less soil-buffered runoff. The highest mean chloride concentrations (25 to 33 mg/L) were also associated with these three lakes. Lakes having chloride concentrations in excess of 6 mg/L (fig. 6) show the effects of winter road salting. Hauser, Blackhawk, Shanahan, McCarthy, and Boesel are not significantly affected by delcing salts owing to an absence of roads within their watersheds.
Seasonal variations In chloride (high in spring, lower In fall) were observed only in the lakes with highly urbanized drainages and with outlets (Cedar Grove, Donaldson's, and Langhoven, fig. 6 and table 4) . Year to year variations in chloride were quite large in these lakes.
Chloride concentrations were very consistent in Boesel, Burview Park, Hauser, and Shanahan throughout the study period ( fig. 6 and table 4 Trends in chloride are undoubtedly related to urbanization (road salting and runoff), as well as to lake volume and flushing relationships of individual lakes. Shallow lakes with outlets and highly urbanized drainages were most affected, and the deeper or undeveloped lakes were least affected by chloride inputs.
Seasonal trends in dlssolved-solids concentration were observed in only four lakes (table 4) . Dissolved solids in Cedar Grove and Donaldson's Pond decreased from spring to fall primarily because spring inputs-of road salts were subsequently flushed by more dilute summer-storm runoff. Pish Lake also shows a decrease in dissolved solids from spring to fall, but the dilution is probably more related to thermal stratification and biologic activity in the eplllmnion than to input and flushing characteristics. Hauser Pond actually shows an increase In dissolved solids from spring to fall, perhaps owing to the influence of ground-water flux or evaporation on this shallow pond.
Although some seasonal trends were observed, no distinct long-term trends toward increasing or decreasing dissolved-solids concentrations were observed during the study. Rather, the amount of variation observed in each lake was related to land use and to lake volume and depth. Shallow lakes with outlets and highly urbanized drainages had the most variation in dissolved solids and the deeper or undeveloped lakes had the least. Figure 7 illustrates the relationship of chloride to dissolved solids for discrete samples in six selected lakes. As mentioned, Donaldson's, Cedar Grove, and langhoven Ponds all have relatively high concentrations of chloride during spring and early summer, but near background concentrations during summer and fall because of flushing by summer rains. Lemay Lake, which also has a storm-sewer inlet and outlet, flushes less frequently because it is larger and receives proportionately less urban runoff. Seasonal chloride variations were not found in Lemay Lake; instead, chloride concentrations steadily increased through 1977 and have declined some since.
Lakeside Estates Lake also receives proportionately less urban runoff, but has no outlet. Both chloride and dissolved-solids concentrations in this lake are more stable, and seasonal differences are more subtle owing to the slower flushing rates.
Blackhawk Lake is land locked and does not receive a significant amount of runoff containing road salts. Chloride concentrations were very low and stable. However, dissolved solids vary considerably in Blackhawk Lake, probably in response to changes in surface runoff, biologic activity, and perhaps to ground-water inflow and outflow.
The variability of dissolved solids, alkalinity, and chloride concentrations for individual lakes is a function of (1) depth (more variability in shallower lakes), (2) the amount of developed area in the watershed (more variability with more percent development), and (3) flushing (more variability in lakes with outlets). Certain lakes without outlets showed an Increase in chloride during the study, likely caused in part by urbanization, but intensified by the drought of 1976-77. Ihus, even in the absence of urbanization, lakes can undergo significant changes in concentrations of common inorganic constituents as a result of extremes in climate.
Nutrients
Complex Interaction of many factors makes it difficult to determine clear cause-effect relationships that account for observed variations in nutrient levels between lakes. The interacting factors include lake depth and volume, presence of inlets and outlets, amount and type of nutrient loading, and combinations of aquatic floral and faunal populations. All these factors interplay in varying degrees to effect changes in loading, flushing, settling, and recycling of nutrients in the Eagan lakes.
Ihe mean value and range of total nutrient concentrations (phosphorus, nitrogen, and organic carbon) for each lake are illustrated in figure 8. The lowest nutrient levels are associated with the deepest lakes, Holland and Fish. These two lakes have large volumes relative to most other study lakes and, more importantly, these lakes limit continuous recycling of nutrients from bottom materials to surface waters by thermal stratification and entrapment of nutrients in the hypolimnion. Thus, Holland and Pish Lakes naturally retain less nutrients in epilirnnotic waters than the other lakes studied. Also, neither of the lakes has received much urban runoff.
Mean total N (total nitrogen) and TOC (total organic carbon) for all the lakes did not correlate with any morphologic or land-use characteristic. ) c
Max-r-~i However, total N was correlated with mean phytoplankton cell count (r = 0.69). The implication is that total N concentrations are in part controlled by the abundance of algae. About 80 percent of the total N is in the organic form, and blue-green algae, some of which have the ability to fix dissolved nitrogen into cellular nitrogen, dominate the lakes. Hence, more total N was observed with the higher cell counts. Furthermore, concentrations differed considerably between lakes, and no seasonal trends were observed for total N. Only Fish, Lemay, and McCarthy were observed to have any consistency in total N concentrations from year to year.
The mean ratios of carbon to nitrogen (TOC:TN) for the study lakes ranged from 3.3:1 to 14.6:1. The mean ratio for each lake generally decreases with increasing mean phytoplankton cell count primarily because of the relative increase in nitrogen over carbon with more productivity, again reflecting the interrelationship of blue-green algae and the nitrogen cycle in these lakes. Similar TOC:TN ratios (6.3:1 to 19.4:1) were found in bottom-material samples from the 17 lakes. Data indicate that most of the IN is in the organic form, thus, the range in ratios suggests that an autochthonous source of bottom materials and organic carbon dominates (Wetzel, 1975, p. 542) .
Ratios of nitrogen to phosphorus (TN:TP) ranged from 7.3:1 to 73:1. The ratios correlated with lake volume (r = 0.89), mean or maximum depth (r = 0.84 each), and transparency (r = 0.75). However, the correlations are biased by the low phosphorus levels in the larger, deeper lakes. Nitrogen to phosphorus ratios (5.4:1 to 96:1) for bottom-material samples did not correlate with TN:TP in water samples, but correlated weakly with lake area (r = 0.66).
TN:TP ratios inversely correlated with TP (r = -0.69), which, according to Sakamoto (1966) ," suggests an increasing probability of nitrogen, rather than phosphorus, limitation in lakes where the ratio is less than 13:1. The ratio was 13:1 or less in Boesel, Cedar Grove, Donaldson's, Langhoven, McCarthy, and Slater's Acres.
Total-phosphorus concentrations increased from spring to summer only in Blackhawk, Boesel, Donaldson's, Lemay, McCarthy, and Wilderness Lakes (table 4), most likely from internal recycling. It is uncertain why similar increases were not observed in the other shallow lakes. Conversely, totalphosphorus concentrations in Holland and Fish were observed to decrease through the summer, likely from a loss of phosphorus by settling of algal cells out of the epilimnion.
Although seasonal trends were observed for some lakes, long-term trends were not observed. Total-phosphorus concentrations varied considerably in Lakeside Estates, Langhoven, Lemay, Slater's Acres, Thomas, and Wilderness Lakes without any obvious long-term trends (table 4) . Whereas, Blackhawk, Burview Park, Holland, and Shanahan Lakes had relatively consistent phosphorus concentrations ^iroughout the study. Fairly consistent phosphorus concentrations were also found in Boesel, Cedar Grove, Donaldson's, Pish, Hauser, Jensen, and McCarthy, except that higher concentrations were observed during the 1976-77 drought. Except for Boesel, these drought-affected lakes seemed to recover by 1978.
Mean total-phosphorus concentrations in each lake were weakly correlated with lake volume (r = -0.66), maximum depth (r = -0.63), estimated flushing rate per year (r = 0.5*0, estimated load of phosphorus entering the lake per year (r = 0.53), and percentage of drainage developed (r = 0.53). However, these correlations are biased by the inclusion of the deeper Holland and Fish Lakes in the data set. Boesel Pond is physically similar to the shallower Eagan lakes but has high total-phosphorus concentrations, probably resulting from runoff from a barnyard and pasture.
Phosphorus Regression Model
Exclusion of Holland, Fish, and Boesel from the correlation analysis resulted in a shift in important factors. Total phosphorus correlated more with urban loading factors such as percentage of drainage area developed (r = 0.80) and estimated phosphorus load (r = 0.7*0, but less with morphologic characteristics such as lake volume (r = -0.51) and maximum depth (r = -0.39). P/Iany different transformations of the above variables were tested to determine the most significant correlation with total phosphorus. The model correlation coefficient is 0.93 (r2 = 0.87), and the model standard error or coefficient of variation is +_ 42 percent. However, 11 of the 1*1 predicted values were within 20 percent of the observed total phosphorus. The three lakes not fitting the regression model also had three of the lowest measured total-phosphorus values; these were Donaldson's (68 percent high), Burview (39 percent high), and Shanahan (26 percent high). The high predicted values for Donaldson's and Burview may result from overestimation of the developed area contributing to these lakes or to a lower yield of phosphorus per unit of developed area in the lake drainages.
The regression model is applicable for predicting total phosphorus concentrations in shallow (less than 10 or 12 feet maximum depth), nonstratifying lakes and ponds in the Eagan area provided that they receive runoff typical of the areas studied. A case in point is Boesel Pond, which receives atypical loadings of phosphorus in runoff from barnyards and pastures. In this case, the model severely underestimates the total phosphorus concentration. Furthermore, the methods for computing drainage areas, developed areas, and lake; volumes would have to be consistent with the methods used in this analysis/ Considering these constraints, the regression model can be useful in predicting total phosphorus concentrations in Eagan lakes and ponds under increasing urbanization. In turn, the predicted concentrations can be related to changes in lake quality, such as transparency or chlorophyll a. For example, figure 9 illustrates the predicted changes in total phosphorus concentration for different lake volumes. The family of curves converge as the percentage development increases, indicating that, for a given lake area, the role of lake depth is considerably more Important in the early stages of urban development than in the more advanced stages.
Phosphorus Parametric Models
For comparison, several phosphorus-prediction models of the parametric type were tested. (See Dillon and Rigler, 1975; Chapra and Tarapchak, 1976; Jones and Bachmann, 1976; Reckhow, 1977; Walker, 1977;  all summarized in Reckhow, 1979) . Methods for calculating the input data to these models are given in the Methods and Approach section. Most of the Eagan lakes are shallow closed basins, and thus, do not meet some basic assumptions of the parametric models. Therefore, reliable predictions of phosphorus concentration through the use of these models was not anticipated. The results of predictions through the use of the published models (5 through 10, table 5) did not agree well with observed concentrations. Factors that might account for the observed differences Include (1) recycling of phosphorus from bottom sediments owing to the shallow, nonstratifying nature of the lakes, (2) effects of littoral aquatic vegetation on phosphorus uptake and settling, (3) winterkill of planktivorous fish, resulting in Increased grazing of algae by zooplankton, which affects cycling and settling of phosphorus, and (4) flux of ground water through the lake systems. Figure 10 illustrates the results of the two parametric models (Jones and Bachman, 1976; Reckhow, 1977) that best fit the Eagan data. Predictions of total phosphorus concentrations in lakes that stratify, Holland and Fish, are consistently overestimated by 200 to 300 percent, as are predictions for shallow lakes with outlets that flush two or more times per year (Donaldson's, Cedar Grove, and Langhoven). Similar results were found through the use of other models, which implies that stratification and flushing are Important in controlling increased phosphorus concentrations in the Eagan lakes. However, although flushing seems to be beneficial locally, the downstream effects of flushed-out phosphorus may not be beneficial. Lack of confidence in the parametric models for predicting phosphorus concentrations led the authors to derive similar formulations with coefficients better suited to the Eagan lakes. Results of the two best formulations are presented in table 5 (models 2 and 3). The Eagan signa model (model 2) uses a formulation similar to Jones and Bachmann (model 6) with a variable instead of a constant settling coefficient (SIGMA). The rationale was to determine empirically a net settling coefficient that accounted for the combined effect of settling and bottom recycling of phosphorus and was dependent upon depth or flushing (QS or RHO, table 5). The signa model predicted concentrations in 10 of the 14 shallow lakes within 20 percent of the observed total phosphorus concentrations.
A retention model (table 5, model 3) of the Eagan lakes utilizes a lumped retention coefficient that includes all the effects of settling, recycling, and flushing to predict the total phosphorus concentration in each lake. Although less arbitrary, the model is also less sensitive than the si@na model. Predicted total phosphorus was within 20 percent of actual values in 8 of the 14 lakes and within 30 percent in 10 of the 14 lakes. This model did not predict the hlgih flushing lakes as well as the sigjna model.
The choice of the appropriate predictive model for the deep lakes, Holland and Fish, is difficult because observed values are available from only two lakes for testing against predicted values. Total phosphorus in Holland Lake is approximated with the Chapra-Tarapchak and the Reckhow lobound and hibound models (table 5, models 6, 9, and 10). Total phosphorus in Pish Lake is not predicted well by any of the published models. A simple model (Eagan deep lake, table 5), where the settling coefficient (SIGMA) is approximated as two times QS, seems to fit quite well with both Holland and Pish data and with Smith's (1979) data for Heine Pond. This model would need further testing on a larger set of data to establish confidence in its applicability.
Trophic State Delineation
Efforts to predict the effects of urbanization on the quality of Eagan lakes are linked to the important role of phosphorus in the trophic state of lakes (Reckhow, 1979) . Figures 11 and 12 illustrate the interrelationships of total phosphorus, transparency, and chlorophyll a for the Eagan lakes. Average A higher total phosphorus generally leads to increased algal production (chlorophyll a) and to reduced transparency. However, even the lakes with undeveloped drainages have phosphorus concentrations that support considerable algal production and cause low transparencies (less than 3 feet). According to Vollenweider's (1976) loading criteria, only Holland Lake is estimated to be receiving a phosphorus load that does not cause an eutrophic condition, but is above the critical loading level for an oligotrophic lake. The rest of the Eagan lakes are well into the eutrophic level of loading. Consequently, most of the lakes in the Eagan area are highly eutrophic (table 6 ). Carlson's index indicates that Holland and Pish are the least eutrophic lakes, and Thomas, Wilderness, Cedar Grove, and Boesel are the most eutrophic. Ihe use of a predictive tool for most of these lakes, then, is only to determine the relative change within their trophic state. Only deep lakes like Holland, Pish, and Heine (Smith, 1979) , which are presently bordering on the mesotrophic-eutrophic states, can undergo marked changes in trophic state or lake quality.
Phytoplankton
The eutrophic nature of the lakes in Eagan is reflected in the phytoplankton cell counts ( fig. 13) . Most of the lakes have populations above 500,000 cells/mL, but occasionally have low cell counts as well. These more productive lakes typically are dominated by blue-green algae (primarily Anasystis, Oscillatoria, Anabaena, and Lyngbya, table 7). The high populations are in response to higjh levels of available nutrients and to other favorable growth conditions. Low counts, on the other hand, are probably due to samples being taken during or just after environmental stress such as urban runoff shock loading, heavy grazing by zooplankton, dieoff of an algal bloom, ice cover, and temporary nutrient deficiency.
Some of the lakes in Eagan have consistently low algal populations in spite of high nutrient concentrations (Hauser, Langhoven, McCarthy, Donaldson's, Slater's Acres and perhaps Shanahan). These lakes are the shallowest lakes studied. Most of these lakes also have dense populations of emergent aquatic vegetation around the shorelines (cattails, arrowhead, and others), which could compete with algae for nutrients. However, competition would have to be eliminated as a major cause for low algal populations because the nutrient levels observed in these lakes are still high enough to support large algal populations. More likely, environmental conditions are severe enough in most winters to eliminate all fish in these lakes. The lack of planktivorous fish results in abundant zooplankton populations and, consequently, in heavy grazing of algae (Val Smith, University of Minnesota Limnological Research Center, oral commun., March 1979) . In contrast to the more productive lakes, these lakes had mixed dominance by blue-green, green, and euglenoid types of algae (table ?) Water-quality characteristics of 17 lakes and ponds in the city of Eagan were described from data collected in 1972 through 1978. The data showed that differences in water quality between lakes were related to differences in the percentage of urbanization. However, water-quality variations within each lake during the study were affected more by climatic variations than by land-use changes during that period. Measurable increases in chloride and phosphorus concentrations were observed in many lakes during the drought of 1976-77, but concentrations in most have since recovered to pre-drougjit levels.
Depth was an important factor controlling lake quality. The two deepest lakes, Holland and Fish, were the least eutrophlc lakes studied. These lakes limit continuous recycling of nutrients from bottom materials to surface waters by thermal stratification and entrapment in the hypollmnion. Owing to their depth and lower algal populations, winter oxygen conditions in about the upper two meters of Holland and Pish seem to be sufficient to support a small fishery.
The other 15 lakes studied were all less than 10 feet deep and frequently mix during open water. Oxygen conditions in most of these lakes are probably low under ice cover most years, and so, fishery potential is virtually eliminated in some and minimal in others. The nutrient levels in all 15 lakes indicate highly eutrophic conditions, because of the combined effects of high loading and recycling of nutrients. However, chlorophyll a concentrations in the shallower lakes (1.5 to 5.0 feet) do not .always indi^ cate higjhly eutrophic systems. Winterkill of planktivorous fish in these lakes probably results in heavy grazing of algae by zooplankton, which in turn results in lower than expected chlorophyll a. concentrations. Thus, a third trophic indicator, secchi disk transparency, is usually bottom-limited in these shallower lakes.
Dissolved solids, alkalinity, and chloride concentrations varied most in lakes with urbanized watersheds and in lakes less than 6 feet deep. Storm-sewer outlets are necessary for controlling maximum lake levels in hlgihly urbanized watersheds of the Eagan lakes. Three lakes, which have outlets and flush from about 2 to 25 times per year, undergo the most severe fluctuations in lake chemistry. Chloride concentrations in excess of 30 mg/L were common in spring and early summer. However, concentrations less than 5 mg/L were common in late summer and fall owing to flushing by summer rains. In contrast, chloride concentrations in certain lakes without outlets were either quite stable or increased during the study. The increases were caused in part by urbanization and were intensified by the 1976-77 drought.
As in many other lake studies in Minnesota, phosphorus was the single most critical chemical constituent in controlling the trophic state of the Eagan lakes (based on chlorophyll a and transparency data). Therefore, several attempts were made to use available models and to develop other models for predicting changes in phosphorus concentrations resulting from changes in land use (phosphorus loading). Of the many models tested, three phosphorus-prediction models developed during the study are applicable to shallow (less than about 12 feet), nonstratifying lakes and ponds, provided that they receive runoff typical of the Eagan area. One model, derived from a multiple-regression analysis, uses the percentage of the watershed developed and the lake volume to predict phosphorus concentrations. Ihe other models use phosphorus settling and flushing, or retention coefficients, to predict phosphorus concentrations from an estimated annual phosphorus load. The data base was not sufficient to select an appropriate model to predict the effects of future urban loading in the deeper lakes.
In addition to controlling the concentrations of dissolved solids, chloride, and alkalinity, flushing apparently controls phosphorus buildup in some of the Eagan lakes. Despite the in-lake benefits of flushing, the downstream effects of flushed-out phosphorus may not be beneficial. However, most of the flushed-out phosphorus is in the total form (that is, algal cells and other suspended material). Therefore, use of filtering devices at lake inlets or outlets (such as wetlands or porous dikes with tile drainage) may be effective in reducing phosphorus loads within the storm-sewer system, at least for certain flows. Lake volume is also a controlling factor by providing for dilution of input loads, especially in early phases of urbanization of the drainage basin. Maximization of lake depth or surface area is a consideration in the design of the storm-sewer system. Some degree of algal control may also be possible by artificial control of bottom-feeder and planktivorous fish (Shapiro, 1979) .
According to the Eagan Comprehensive Storm Sewer Plan (Bonestroo and others, 1978 ) Fish Lake will eventually receive a considerably larger amount of urban runoff than at present (1979), suggesting continued water-quality monitoring of this lake. The water-quality impact of this planned development might be minimized if future storm-sewer Inlets and outlets are designed to limit additional phosphorus loading to Fish Lake and to preserve the beneficial effects of thermal stratification.
Future studies of the Eagan lakes might concentrate on determining the management practices, both natural and artificial, that are most effective in reducing nutrient loads or recycling and yet fit within geomorphic and economic constraints. Other factors which were not quantified in this study, but which are suspected to be influencing the present analysis of nutrient budgets of these lakes include (1) recycling of phosphorus from bottom sediments owing to the shallow, nonstratifying nature of the lakes, (2) effects of littoral aquatic vegetation on phosphorus uptake and settling, (3) effects on phosphorus settling of zooplankton grazing of algae, (4) actual rather than estimated phosphorus loads delivered to each lake system, and (5) effects of ground-water flux through the lake systems.
